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interventions [4] . However, the number of studies investigating the effect of neuromodulation on 1 the cognitive processes involved in addiction remains limited [11] , precluding any firm 2 conclusion about cognition-improving effects and clinical efficacy [11, 41] . The fact that most 3 other studies on drug addictions have targeted craving as the main outcome parameter [37, 38] or 4 applied short durations of DLPFC stimulation, which may not be clinically effective [42, 43] , 5 makes it furthermore difficult to come to definite assumptions. In order to evaluate the potential 6 of tDCS in addiction, including its effects on cognitive deficits, trials with longer courses of 7 stimulation, as suggested by recent findings [42] , inclusion of objective neurophysiological and 8 cognitive measures, and monitoring of long-term outcomes would be helpful [11] . In the present 9 study, we therefore investigated: (1) the effects of repeated tDCS over the DLPFC on major 10 executive dysfunctions that are involved in addictive behaviours, and (2) whether the expected 11 improvement in cognitive control is associated with reduced craving in individuals with 12 methamphetamine-use disorder. To our knowledge, this is the first tDCS study in 13 methamphetamine-use disorder with a randomized parallel-group design which explores the 14 effects of the intervention on improvement of executive dysfunctions. 15 16 2. Materials and methods 17 2.1.Participants 18 Fifty male individuals with methamphetamine-use disorder (18-50 years) were initially 19 recruited from the Azadi Rehabilitation Center for Addiction in Ardabil, Iran (mean age=34.83, 20 SD=9. 16 ) and were randomly assigned to the active and sham stimulation groups by the block 21 randomization method. All patients were methamphetamine-abstinent during the study for up to 22 the 1-month follow-up, and abstinence from drug consumption was regularly checked by urine 23 tests. Eleven subjects from both tDCS groups could not complete the whole treatment, and thus [ 2 We measured cognitive control functions with four major EF tasks. The N-back and 3 Go/No-Go tasks were used for measuring WM and response inhibition respectively, with higher 4 accuracy rate and shorter response times indicative of better performance. Additionally, the 5 Wisconsin Card Sorting Task (WCST), which is the gold standard measure of executive 6 functioning [44] and measures cognitive flexibility, planning and task-switching abilities [45, 46] , 7 and the Balloon Analogue Risk Task (BART) which measures risk-taking behavior, were used. 8 For the WSCT, more completed categories and less perseverative errors indicate better planning 9 and higher cognitive flexibility. In the BART, lower scores of the "adjusted value", which 10 represents no-explosion trials, and lower numbers of "pumps" per trial indicate decreased risk- 11 taking behavior and impulsivity, because they show a more adaptive (non-punitive) form of risk-12 taking behavior [47] . All tasks were computerized and presented in a counterbalanced order. Full 18 We measured craving with the Desires for Drug Questionnaire (DDQ) [48] before, 19 immediately after, and 1-month following the treatment. The DDQ is a 14-item questionnaire 20 originally designed for use in heroin addicts. We used the version adapted for methamphetamine 21 use. It measures instant craving and consists of three subscales: "desire and intention" to use 22 drugs, "negative reinforcement" (the relief of negative states), and "control" over drug use. The three subscales of the DDQ have good reliability, concurrent validity and a Cronbach's alpha of 1 0.85 [48] . Cronbach's alpha in our sample was 0.88 for the entire measure, 0.83 for the "desire" 2 subscale, 0.78 for the "negative reinforcement" subscale, and 0.77 for the "control" subscale. respectively (F3-F4), according to the 10-20 EEG International System. The minimum distance 10 between the edges of both electrodes was 6 cm to reduce the amount of shunting of current 11 through the scalp [15] . For sham stimulation, electrical current was ramped up for 30 seconds to 12 generate the same sensation as in the active condition and then turned off without the 13 participants' knowledge [49] . This method of sham stimulation has been shown to be reliable [50] . 14 The experimenter who applied tDCS was blind to the study hypotheses but not to the tDCS 15 condition (active vs sham). Blinding efficacy (e.g. by asking the participants to guess the 16 respective stimulation condition) was not explored. A side-effect survey was done after each 17 tDCS session ( Fig. 2 ). 20 A 3D model of the current flow in the head was created to determine induced electrical 21 fields in the brain for the above-mentioned tDCS protocol (2.0 mA, anodal F3 -cathodal F4). participants completed a brief questionnaire to evaluate their suitability for brain stimulation. 5 Both groups of participants received 10 sessions of stimulation (2 sessions weekly, 5 weeks in 6 total) with 72 hr intervals between sessions. All participants completed the EF tasks and the 7 DDQ before the intervention (pre-intervention), right after the end of the intervention (post-8 intervention) and one month following the last stimulation session (follow-up) ( Fig 2) . Before 9 each measurement, participants completed the Positive and Negative Affect Scale (PANAS) [51] 10 in order to evaluate the stability of the affective state before measurements. Stimuli presentation 11 in all computerized tasks was controlled by a laptop with a 15.6" screen [52] , at a viewing 12 distance of approximately 50 cm. Participants were instructed about each task before the 13 beginning of the experiment and a detailed written instruction appeared on the screen before each 14 task started. 19 Our study had a double-blind, randomized parallel-group design to prevent blinding 20 failure and carry-over effects [13] . Participants were blind to the study hypothesis and stimulation 21 conditions. The experimenters who conducted the outcome measures were blinded to the tDCS 22 conditions. To guarantee blinding of these investigators, tDCS was applied by other investigators [50] . Data analyses were conducted with the statistical package SPSS, version 24.0 (IBM, SPSS, 1 Inc., Chicago, IL). The normality and homogeneity of variance of data collected at each time 15 16 All participants tolerated the stimulation well and no adverse effects were reported during 17 and after stimulation (reported side effects are summarized in the supplementary results). No 18 significant difference was found between the group ratings of tDCS side effects (see 19 supplementary results, Table S1 ). The data overview of the dependent variables before, after and 20 1 month following the intervention is presented in Table 2 and Fig. 3 . No significant group 21 differences were seen for the baseline measurements (Table 1 ).
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3.1.Data overview
[ Table 2 here] Table S3 ). 10 11 In the N-back task, a significant interaction of group×time on both, accuracy 12 (F 1.58 =21.74, p<0.001, ηp2=0.37) and RT (F 1.96 =14.35, p<0.001, ηp2=0.28) were observed, 13 indicating a group-dependent improving effect of tDCS on WM functioning. The Bonferroni- 14 corrected post hoc analysis showed a significant increase and decrease of N-back accuracy and 15 RT, respectively, between pre-intervention and post-intervention measurements (t=-5.45, 16 p<0.001; t=7.48, p<0.001), and pre-intervention vs follow-up measurements (t=-5.16, p<0.001; 17 t=7. 41, p<0 .001) in the active stimulation, but not sham stimulation group. Between-group 18 comparisons of N-back outcome measures for each time point showed no significant difference 19 between groups in the pre-intervention measurement (t accuracy =-0.84, p=0.933; t RT =0.53, 20 p=0.958), but significant between-group differences in the post-intervention (t accuracy =3.90, p<0.001) measurements. This clearly indicates that improved WM performance was specific for tDCS effects. Moreover, significant main effects of group and time were found for both, N-back 1 accuracy and RT (see Table 3 ). Similarly, in the Go/No-Go test, we observed a significant 2 interaction of group×time on accuracy no-go (F showed increased accuracy of the No-Go and Go trials between the pre-intervention vs post- p=0.933; t No-Go =-0.23, p=0.817; t RT =0.34, p=0.733), but significant between-group differences in 10 the post-intervention (t Go =4.04, p<0.001; t No-Go =6.93, p<0.001; t RT -3.23, p=0.003) and follow-up 11 intervention (t Go =4.31, p<0.001; t No-Go =4.84, p<0.001; t RT =-3.39, p=0.002) measurements. 12 Significant main effects of group and time were found as well (Table 3) . 13 In the WCST, the ANOVA results showed a significant interaction of group×time on 14 completed categories (F 1.74 =7.79, p<0.001, ηp2=0.17), and perseverative errors (F 1.36 =10.98, 15 p<0.001, ηp2=0.23). These parameters were significantly improved in the post-intervention 16 (t=6.25, p<0.001; t=-7.91 p<0.001) and follow-up measurements (t=4.11, p<0.001; t=-6.42, 17 p<0.003) compared to the pre-intervention measurement in the active stimulation group. 18 Between-group comparisons showed no significant differences in the pre-intervention 19 measurement (t=-0.02, p=0.986; t=1.01, p=0.332), but significant between-group differences in 20 the post-intervention (t=5.85, p<0.001; t=-7.40, p<0.001), and follow-up intervention (t=3.60, 21 p<0.001; t=-5.29, p<0.001) measurements for completed categories and perseverative errors, 22 respectively. The main effects of group and time were also significant ( Table 3) . With regard to risky decision-making and impulsivity measured by the BART, no significant interaction of 1 group×time for the adjusted value (F 1.47 =2.83, p=0.08, ηp2=0.07), but a significant effect of time 2 and a marginally significant effect of group were observed (Table 3 ). Post hoc comparisons 3 further showed a significant decrease of adjusted values at post-intervention (t=2.51, p<0.022) 4 and follow-up (t=2.75, p<0.012) measurements in the active, but not sham stimulation group. 5 Moreover, the interaction of group×time on maximum number of pumps (F 1.71 =17.35, p<0.001, 6 ηp2=0. 32) , and the main effects of group and time were significant ( Table 3 ). The respective post 7 hoc t-tests showed a significant decrease of number of pumps in the post-intervention (t=7.96, 
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The ANOVA results showed a significant interaction of group×time on the total score of 20 69) , but not sham stimulation condition. As for the cognitive effects, we found 1 no significant between-group differences of craving ratings in the pre-intervention measurement 2 (t=0.03, p=0.973), but significant between-group differences in the post-intervention (t=-2.94, 3 p<0.006), and follow-up (t=-3.35, p<0.002) measurements. This indicates tDCS-specific effects 4 on craving. The main effects of time and group were also significant ( Table 3 ). We also analyzed 5 DDQ subscales separately and found a significant interaction of group×time only for the "desire 6 and intention" (F 1.64 =47.28, p<0.001, ηp2=0.56) and "control" subscales (F craving scores were correlated with EF task performance, and found a significant correlation 10 between craving and most of the executive control functions, including WM accuracy (p<0.003) 11 and RT (p<0.008), accuracy Go (p<0.043) and accuracy No-Go (p<0.005) and RT (p<0.001) in 12 the Go/No-Go task, perseverative errors (p<0.030) and completed categories (p<0.021) in the 13 WCST, and maximum number of pumps (p<0.019) in the BART (supplementary results, Table   14 S2). In all of these measures, reduced craving was associated with improved cognitive 15 performance. 4. Discussion 20 We presented results of a randomized, double-blind study that examined the efficacy of 21 repeated bilateral tDCS over the DLPFC on EFs and craving in individuals with 22 methamphetamine-use disorder. We found that this intervention significantly improved major cognitive control functions involved in addictive behaviour, including WM, response inhibition, 1 cognitive control/flexibility, and risk-taking behaviour, and that these effects were also 2 associated with significantly reduced craving. The observed effects were specific for active tDCS 3 stimulation. Importantly, cognitive improvement and reduced craving persisted for up to at least 4 one month following the intervention. 5 Our findings support the notion that impaired executive control is central to the 6 development and maintenance of drug addiction and its symptoms [3, 8, 53] . Loss of control is 7 characteristic of drug dependence, and therefore cognitive processes involved in risky and 8 impulsive decision-making may be central to drug addiction [4] . According to the 3-stage 9 conceptualization of drug addiction [3] , the preoccupation/anticipation (craving) stage involves 10 neuroplastic changes in the brain reward, stress, and executive function systems. Here, PFC 11 regions play a critical role, especially the DLPFC. Deficits in EFs in individuals with SUD are 12 reflected by decreases in frontal cortex activity that interfere with decision-making, self- 13 regulation, inhibitory control, and WM performance, which contribute to compulsive drug use 14 and loss of control in addiction [3, 54] . On the basis of previous studies [35, 55] and the present 15 results, we speculate that stimulation of the DLPFC with anodal tDCS (see Fig. 4 ) may have 16 increased excitability and functional connectivity in this region and other networks involved in 17 addiction and thereby resulted in increased control of drug-seeking behavior. For example, it increasing control over negative emotions that are associated with drug withdrawal [4, 56] . Such enhancing effects of tDCS over the DLPFC are in line with effects of non-invasive brain 1 stimulation over prefrontal areas in other neuropsychiatric disorders with executive dysfunctions 2 underlying their core symptoms (e.g., depression, obsessive-compulsive disorder, schizophrenia, 3 ADHD) [23, 25, 26, [57] [58] [59] [60] [61] [62] . 4 Of all EF tasks under study, only the BARTs' primary outcome measure (i.e., adjusted 5 value) was not correlated with craving reduction. Previous studies have shown that risk-taking 6 behaviour is only reduced by bilateral tDCS over the DLPFC (either with anodal left -cathodal 7 right or the reverse stimulation polarity), but not unilateral stimulation [63] , implying that 8 modulation of both DLPFCs is important to modulate risk-taking behaviour. Risk-taking 9 behavior, and specifically the BART, involve "hot" (i.e., emotional) components of EFs, and 10 here the orbitofrontal cortex is relevant for value attribution [64] , reward-anticipation, reward-11 gain, and reward-loss processing [65] . Consequently, stimulating the orbitofrontal cortex 12 simultaneously with the DLPFC might be more effective in modifying risk-taking behavior and 13 performance in the BART, as shown in healthy populations [21] . 14 In addition to the improvement of executive control functions, we found a significant 15 reduction of methamphetamine craving after the intervention, which persisted for up to 1 month 16 following the intervention. Importantly, no drug consumption or relapse occurred during this 17 time, indicating that the observed reduction in craving cannot be explained by drug consumption. 18 The association between improved cognitive control and craving could explain why the majority 19 of previous neuromodulation studies targeting the DLPFC in order to reduce craving in drug and 20 food addiction had favourable results [42] . Interestingly, results of the craving subscales showed 21 that only "desire and intention for drug use" and "control deficit" were significantly reduced, Finally, it is important to consider potential clinical implications of our findings. The first
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